Introduction
Invariant natural killer T (iNKT) cells are activated by CD1d-restricted lipid antigens (1, 2) or various cytokines such as IL-12 and IL-18 (3) (4) (5) (6) (7) , as illustrated in Supplemental Figure 1 (supplemental material available online with this article; https://doi.org/10.1172/jci.insight.91954DS1). Lipid antigens are produced by some bacteria (8, 9) , or by injured host tissues (10, 11) , and stimulate invariant Vα24Jα18 TCRs that are found on iNKT cells. In individuals with sickle cell disease (SCD), periodic vaso-occlusive episodes are associated with widely disseminated tissue ischemia in response to sickled RBCs. This causes tissue injury and iNKT cell stimulation. Hence, iNKT cells derived from SCD patients are useful for investigating their response to ischemic injury. When acutely stimulated, the majority of human iNKT cells produce a combination of Th1-and Th2-type cytokines (12) . The composition of cytokines is sensitive to the structure of the activating lipid antigen (13) and to environmental costimulatory factors that can tip TCR-mediated cytokine responses between antiinflammatory and proinflammatory (14) . This plasticity is functionally important. Acute activation of iNKT cells during tissue ischemia-reperfusion injury can enhance tissue injury (10, 11) but stimulation of iNKT cells with αGalCer prior to ischemia modifies subsequent cytokine responses and reduces injury (15, 16) . The results of the current study indicate that changes in cytokine production over time following iNKT cell stimulation are associated with changes in purine release, expression of ectoenzymes that metabolize purine nucleotides, and expression of A 2A Rs.
ATP is released from dead, dying, or in some cases activated cells in inflamed tissues and tumors (17) . In the extracellular space, ATP is generally excitatory to most cells by binding to various P2X and P2Y receptors that usually function to elevate intracellular Ca 2+ (18) . Ecto-ATP is degraded by ectonucleotidases on the surface of cells. iNKT cells have been shown to express CD39 (19) and CD73 (19) as well as P2X7 receptors (18, 20) that respond to ATP by opening nonselective cation channels (21) . In mammalian cells, P2X7 receptors can complex with pannexin 1 (PANX1). Prolonged activation by high amounts of ATP stimulates the formation of P2X7R-pannexin 1 pores that are large enough to release nucleotides, including ATP and NAD + (22, 23) . Extracellular ATP is metabolized to ADP and AMP by CD39. Ecto-Invariant natural killer T (iNKT) cells are activated at sites of local tissue injury, or globally during vaso-occlusive episodes of sickle cell disease (SCD). Tissue damage stimulates production of CD1drestricted lipid antigens that activate iNKT cells to produce Th1-and Th2-type cytokines. Here, we show that circulating iNKT cells in SCD patients express elevated levels of the ectonucleoside triphosphate diphosphosphohydrolase, CD39, as well the adenosine A 2A receptor (A 2A R). We also investigated the effects of stimulating cultured human iNKT cells on the expression of genes involved in the regulation of purinergic signaling. iNKT cell stimulation caused induction of ADORA2A, P2RX7, CD38, CD39, ENPP1, CD73, PANX1, and ENT1. Transcription of ADA, which degrades adenosine, was reduced. Induction of CD39 mRNA was associated with increased ecto-ATPase activity on iNKT cells that was blocked by POM1. Exposure of iNKT cells to A 2A R agonists during stimulation reduced production of IFN-γ and enhanced production of IL-13 and CD39. Based on these findings, we define "purinergic Th2-type cytokine bias" as an antiinflammatory purinergic response to iNKT cell stimulation resulting from changes in the transcription of several genes involved in purine release, extracellular metabolism, and signaling.
NAD + also can be converted to AMP by the combination of CD38 and ectonucleotide pyrophosphatase/ phosphodiesterase 1 (ENPP1) (24) . AMP is converted to adenosine primarily by ecto-CD73 (25) . We have shown in previous studies that adenosine or selective A 2A R agonists reduce tissue injury in response to ischemia-reperfusion injury (10) or SCD (26) by binding to A 2A R receptors on iNKT cells. In the current study, we describe induction of multiple purinergic genes involved in ATP/NAD + release, metabolism, and signaling in stimulated iNKT cells. iNKT cell stimulation enhances transcription of PANX1, P2X7R, CD38, CD39, ENPP1, CD73, ENT1, and ADORA2A mRNAs. Adenosine produced in response to the release and metabolism of ATP and NAD + engages the Gs-coupled A 2A R to activate PKA, reduces the expression of IFN-γ, and enhances the expression of IL-13 and CD39. The induction of this purinergic signaling program may be responsible in part for a gradual shift by activated iNKT cells toward PKA-dependent Th2-type cytokine bias.
Results
Human SCD is associated with elevated expression of CD39 on activated iNKT cells. Inflammatory effects of ischemia reperfusion-injury are mediated in part by iNKT cell stimulation, as first demonstrated in ischemic liver (10) and subsequently in other ischemic tissues (11, 27) . In order to study human iNKT cells, Ab 6B11 is useful to detect the Vα24Jα18 CDR3 loop found on the TCR of iNKT cells and not on conventional T cells (28, 29) . Invariant NKT cells also can be detected with αGalCer-loaded CD1d tetramers. Supplemental Figure 2 confirms that Ab 6B11 and CD1d tetramers detect a similar population of human iNKT cells. We previously found that a large fraction of 6B11 + circulating iNKT cells, but not conventional T cells, collected from SCD patients during vaso-occlusive episodes express high levels of the NF-κB activation marker phospho-NF-κB p65 (Ser 536) and high levels of A 2A Rs (30) (31) (32) .
Since most extracellular adenosine is produced from adenine nucleotides by ectoenzymes, we sought to determine if the ecto-ATPase, CD39, which converts ATP and ADP to AMP and is found on iNKT cells (19) , is induced as a consequence of SCD. We examined circulating iNKT cells from 8 healthy controls as well as 8 adult SCD patients at steady state and 13 adult SCD patients during acute vaso-occlusive episodes. The mean age of SCD subjects was 30 years. Roughly 50% of SCD subjects were male, 87% had the HbSS genotype, and 87% were prescribed hydroxyurea. Figure 1 , A and B show that SCD is associated with a significant increase in CD39 expression on circulating iNKT cells at steady state or during vasoocclusive episodes. Conventional T cells are not affected (dashed lines in Figure 1A ). Figure 1C illustrates that in SCD patients, the same iNKT cells that express phospho-NF-κB p65 (ser 536) also express high levels of the A 2A R and CD39. These findings suggest that the concordant induction of ADOR2A and CD39 on activated iNKT cells may function together to increase adenosine production and signaling and limit iNKT cell activation in SCD patients.
Effects of activating cultured human iNKT cells. A limitation of studying circulating iNKT cells in vivo is that changes in the characteristics of these cells may be skewed because stimulated cells leave the circulation. In order to investigate the effects of stimulating iNKT cells on purinergic gene expression in a more controlled setting, we next examined the consequences of stimulating purified cultured human cells with anti-CD3 (αCD3) and αCD28 Abs to engage the invariant TCR, or with cytokines (IL-12 and IL-18) in the absence of TCR engagement. We evaluated the magnitudes and kinetics of induction of various activation markers in response to different modes of stimulation. TCR engagement was associated with iNKT cell aggregation ( Figure 2A ) and rapid downregulation of TCRs and CD3 on the surface of iNKT cells ( Figure  2 , B and C), whereas activation with cytokines had no effect on cell surface TCR expression ( Figure 2C ). In order to readily compare the kinetics of increased expression of CD69, T-bet, and A 2A R in response to different modes of stimulation, we measured expression kinetics normalized to maximal responses ( Figure  2D ). These data show that the speed of increased expression is CD69 > T-bet, p-NF-κB >> A 2A R. The magnitude of activation of NF-κB as measured by phosphorylation of the p65 subunit (30) was about twice as great in response to TCR as to cytokine stimulation, and a similar difference was noted in the maximal expression of T-bet and the A 2A R (Figure 2E ). These findings are consistent with the possibility that NF-κB mediates the induction of TBET and ADORA2A, as suggested previously based on the effects of NF-κB inhibitors (30) . In contrast to T-bet and the A 2A R, maximal expression of CD69 in response to IL-12 and IL-18 was small (8% relative to TCR activation, Figure 2E ). Moreover, CD69 expression increased more rapidly than p-NF-κB. These findings suggest that NF-κB activation is not responsible for increasing the expression of CD69 but may mediate increased T-bet and A 2A R expression.
Changes in the transcription of several purinergic genes in response to iNKT cell stimulation. Stimulation of iNKT cells is associated with induction not only of CD39, T-bet, and A 2A R, but also of Th1-type (IFN-γ) and Th2-type (IL-4 and IL-13) cytokines ( Figure 3 ). iNKT cell stimulation also evoked a transient increase in TBET and a biphasic effect on GATA3 transcription. The responses of TBET and GATA3 parallel their interactions in Th1 cells where an important function of T-bet is to negatively regulate GATA3 (33) . We also examined the effects of iNKT cell activation on the kinetics of expression of transcripts for the 4 adenosine receptor subtypes, A 1 , A 2A , A 2B , and A 3 , as well as various other purinergic genes. Among the adenosine receptor subtypes, the A 2A R transcript was more abundant than transcripts for the other adenosine receptors in unstimulated iNKT cells or in cells stimulated with αCD3 (Supplemental Figure 3 ). These data suggest that the A 2A R is the predominant receptor responsible for adenosine signaling in unstimulated or stimulated human iNKT cells. As shown in Figure 3 , stimulation of cultured human iNKT cells resulted in a transient increase in ADORA2A and CD73 and more persistent increases in CD38, CD39, PANX1, ENPP1, and ENT1. iNKT cell activation caused a transient reduction of P2X7R transcript for 2 hours, followed by an increase in transcription over the next 4 hours. A rapid reduction in P2X7 receptor expression is expected to reduce the response to extracellular ATP to enhance Ca 2+ entry through the P2X7R ligand-gated cation channel, especially if expression of CD39 activity is increased at the same time and lowers extracellular ATP. In addition to mediating Ca 2+ entry, P2X7 receptors can form heterodimers with pannexin 1 to produce pores that can conduct ATP and other abundant intracellular small molecules out of cells. Hence, the upregulation of P2X7R under conditions when CD39 and CD73 expression is also elevated may lead to an increase in extracellular ATP-dependent adenosine production. Transcription of ADA, an enzyme that degrades adenosine, is decreased in response to iNKT cell stimulation. This is expected to preserve adenosine and enhance adenosine-mediated signaling. Another purinergic transcript that is strongly induced by iNKT cell stimulation is ENT1, a transporter that equilibrates adenosine across cell membranes. Although the induction of this enzyme is not expected to increase extracellular adenosine derived from ectonucleotides, its induction in cells that are releasing ATP may be needed as a means of facilitating purine salvage via adenosine reuptake. In sum, the effect of iNKT cell stimulation on the transcription of several purinergic genes is predicted to be accelerated ATP release and degradation, increased extracellular adenosine accumulation, and increased antiinflammatory A 2A R signaling.
The mode of iNKT cell stimulation and A 2A R signaling influence cytokine production. As noted in previous studies, the combination of TCR engagement and stimulation with IL-12 and IL-18 have additive effects on the expression of T-bet, CD39, the Th1 cytokine IFN-γ, and the Th2 cytokine IL-13 ( Figure 4 , A-C). Stimulation with IL-12/IL-18 alone evoked some production of IFN-γ, but failed to stimulate production of IL-13. Nevertheless, IL-12/IL-18 costimulation with TCR engagement enhanced the production of IFN-γ and IL-13. We next sought to determine how A 2A R signaling in iNKT cells is affected by different modes of stimulation. We found that the combination of IL-12/IL-18 and TCR engagement for 48 hours was more efficient than either stimulus alone at increasing A 2A R expression ( Figure 4A ) and at increasing A 2A R functional activity assessed by measuring cAMP production in response to the A 2A R agonist, regadenoson ( Figure 4D ). In sum, maximal induction in iNKT cells of IFN-γ, IL-13, or functional A 2A Rs requires a combination of TCR and IL-12/IL-18 signaling.
Effects of cAMP on IFN-γ, IL-13, and CD39 expression by iNKT cells. The A 2A R is coupled to Gs and cAMP production. Inclusion of the A 2A R agonist regadenoson during concurrent TCR engagement produced a dose-dependent decrease in IFN-γ production, but interestingly, a dose-dependent increase in IL-13 production ( Figure 5 ). We also examined the effects of regadenoson on CD39 expression based on a prior report showing that in macrophages, the PKA/CREB pathway enhances CD39 expression (34) . As shown in Figure 6A , coactivation of the A 2A R during TCR activation enhanced the expression of CD39, while suppressing the expression of phospho-NF-κB p65 (Ser536) and T-bet. In order to confirm that regadenoson acts on iNKT cells via the A 2A R to produce cyclic AMP and activate protein kinase A (PKA), we examined another A 2A R agonist, ATL-146e (35) ; an A 2A R antagonist, ZM241385; an activator of adenylyl cyclase, forskolin; and a cell-permeant inhibitor of PKA, KT-5720. Figure 6B shows that changes in CD39 expression are mediated by A 2A R activation, cAMP production, and PKA activation. Supplemental Figure  4 illustrates the molecular targets of these agents.
Effects of iNKT cell stimulation on the ecto-ATPase activity of iNKT cells. In order to determine if enhanced CD39 transcription and immunoreactivity in iNKT cells is associated with increased CD39 enzymatic activity, we used a firefly luciferase assay to measure ATP outside cultured iNKT cells. As illustrated in Figure 7 , following 48 hours of stimulation with αCD3 and αCD28 Abs, iNKT cells exhibited higher ATPase activity than unstimulated cells, and most of the increased activity was inhibited by 50 μM POM1 (Na 6 O 39 W 12 •H 2 O), an ectonucleotide triphosphate diphosphohydrolase inhibitor with some selectivity for CD39 (36) . The increase in ATPase activity was not due to iNKT cell proliferation, since the protein content of cells following incubation with or without stimulation was found to be minimally changed (<10%, data not shown). A low level of ATPase activity noted in the absence of cells is attributable to the ATPase activity of luciferin/luciferase. The data confirm that increased CD39 transcription and immunostaining on stimulated iNKT cells is associated with increased enzymatic activity.
Discussion
Prior studies have demonstrated that various stimuli increase the transcription and translation of adenosine A 2A Rs that bind adenosine and function to inhibit proinflammatory cytokine release from iNKT cells or other leukocytes (30, 35, 37, 38) . In the current study, we show that iNKT cell stimulation via TCR engagement with αCD3 and αCD28 Abs or cytokine treatment with IL-12 and IL-18 is associated not only with increased expression of A 2A R receptors, but also with induction of several other purinergic genes that may function to facilitate adenine nucleotide release and extracellular metabolism to adenosine. These include pannexin 1 and P2X7R, which have been shown to respond to ATP by forming membrane channels large enough to conduct ATP (39), the equilibrative nucleoside transporter ENT1, and several nucleotidases that convert ATP, NAD + , and cyclic AMP to AMP and adenosine (Figure 8 ).
Purinergic suppression of iNKT cell activation appears to be important in disease processes inasmuch as iNKT cells have been implicated as mediators of adverse responses to ischemia-reperfusion/transplant injury (10, 31, (40) (41) (42) and several autoimmune diseases in which IL-18 concentrations are increased (43) . These findings relate to an interesting feature of iNKT cells -their ability to produce diverse cytokines depending in part on environmental cues. Although subsets of NKT1, NKT2, and NKT17 cells that differentiate in the thymus have been defined in mice (44) , iNKT cell subsets are not well defined in humans. Rather, the majority of circulating human iNKT cells produce multiple cytokines, and the ratio of Th1-/ Th2-type cytokines is known to be influenced by several factors. These include antigen structure, whether the lipid-CD1d complex is found in lipid rafts, and the expression by antigen-presenting cells of costimulatory molecules or cytokines (45) . The effect of lipid antigen structure on cytokine responses has important consequences in inflammatory diseases. For example, activation of mouse iNKT cells with αGalCer C20:2 favors Th2-biased cytokine production relative to the closely related compound αGalCer, and treatment with αGalCer C20:2 delays the progression of diabetes in NOD mice (46) . Hence, there is great interest in identifying factors that modify cytokine production by the bulk population of mature, differentiated human iNKT cells. The results of the current study suggest that over time after stimulation of human iNKT cells, increased purinergic signaling results in cyclic AMP/PKA-driven Th2-type cytokine bias, e.g., an increase in IL-13 production and a decrease in IFN-γ production.
A 2A R agonists may be useful for the treatment of acute inflammation. The data from the current study show that the impact of A 2A R signaling on PKA activation and downstream antiinflammatory signaling increases over time. However, when using an A 2A R agonist such as regadenoson as a therapy to reduce iNKT cell-mediated type-1 cytokine signaling in response to acute tissue injury, it may be advantageous to begin A 2A R treatment as soon as possible in order to optimally inhibit the production of inflammatory cytokines prior to their synthesis and release.
The concentration of extracellular adenosine may be influenced by the expression of P2X7R-pannexin 1 pores that can release ATP and NAD + (39) as well as the expression of ectoenzymes such as CD38, CD39, and CD73 (47) that generate extracellular adenosine from ATP or NAD + (48) . The concentration of adenosine outside cells, and the cell surface density of A 2A Rs influence adenosine signaling. In the current study, we show that CD39 expression is increased as a result of iNKT cell activation and also that the expression of the enzyme is increased by activators of PKA. It was shown previously that CD39 transcription and expression are enhanced by the PKA/CREB pathway in macrophages (34) and astrocytes (49) , and this pathway is thought to participate in protection from ischemic brain injury (49) and ischemic renal injury (50) .
A 2A R-mediated PKA activation in mouse iNKT cells was previously found to influence cytokine secretion patterns, causing decreased IFN-γ and increased IL-4, IL-10, and TGF-β production (35, 51) . In A 2A Rdeficient mice, iNKT cells produce only low levels of IL-4, IL-10, and TGF-β (51). Th1-type cytokine production in iNKT cells is also influenced by inhibitors of type 4 and type 7A phosphodiesterases (PDE4 or PDE7A) that elevate cAMP by blocking its degradation (10, 52) . Another PDE inhibitor, ibudilast, increases the Th2-/Th1-type cytokine ratio in CD4 + T cells and expands iNKT cells in patients with multiple sclerosis (53) .
In addition to A 2A Rs, T cells express other Gs-coupled receptors that stimulate cAMP production. Calcitonin gene-related peptide (CGRP) was found to suppress IL-2 and IFN-γ production and increase IL-4 production to promote Th2 differentiation by activating the cAMP/PKA pathway during stimulation with αCD3 and αCD28 Abs. IL-4 production and transcriptional activation of Th2-type cytokine mRNAs was also observed in response to the cAMP analogue, dibutyryl-cAMP, in αCD3-and αCD28-stimulated naive T cells. In fact, cAMP/PKA activation in naive T cells stimulated with αCD3 and αCD28 is essential for inducing IL-4 production and promoting Th2 differentiation (54) . In Th2 cells, PKA and Jak-STAT signaling have been shown to increase IL-13 secretion and transcription in response to activation by Gs-coupled histamine receptors (55) . The mechanism by which PKA produces Th2-type cytokine bias may be due in part to phosphorylation and inactivation of C-terminal Src Kinase (CSK), resulting in inhibition of Lck, and attenuation of the strength of TCR signaling (56). iNKT cells derived from SCD mice are activated and produce IFN-γ and IFN-γ-inducible chemokines that are important for propagating inflammation and vaso-occlusive injury (31) . These responses are attenuated by activation of A 2A Rs (26, 32) . Preconditioning mice with αGalCer was found to protect the liver from ischemiareperfusion injury by increasing the expression of A 2A Rs on iNKT cells (16) . In the current study, we demonstrate that there is a simultaneous increase in the expression of CD39 and the A 2A R on human iNKT cells in response to their activation during vaso-occlusive crises in human SCD. The findings suggest that adenosine signaling may reduce inflammation over time by suppressing IFN-γ production and enhancing the production of Th2-type cytokines by iNKT cells.
The expression on the iNKT cell surface of purinergic molecules is increased in proportion to cell activation: αCD3/αCD28 + IL-12/IL-18 >> αCD3/αCD28 > IL-12/IL-18. On the basis of these results we define "purinergic Th2-type cytokine bias" as an increase in Th2-/Th1-type cytokine ratio due to increased expression on immune cells of P2X7Rs-pannexin 1 channels, ectonucleotidases (CD38, ENPP1, CD39, and CD73), and adenosine A 2A Rs.
In addition to T cell-intrinsic purinergic regulation, it was previously shown that the phenotypes of DCs also have a strong influence on iNKT cell cytokine production. In mice, the absence of S1P3 receptors on DCs prevents their maturation, evokes a Th2/IL-4 iNKT cell response to antigen presentation, and promotes IL-4-mediated protection from renal ischemia-reperfusion injury (57) . Adoptive transfer of DCs treated in vitro with an A 2A R agonist protects the kidneys of mice from ischemia-reperfusion injury by regulating DC costimulatory molecules that are important for iNKT cell activation (57) . Purinergic signaling is also influenced by chemotaxis of cells that express CD73. Activation of iNKT cells produces chemokines that attract regulatory B cells that express CD73 (58) . CD73 is also expressed on mouse Tregs and γδ T cells. Treg cells suppress T effector cells and iNKT cells in part by generating adenosine (59) . Activation of γδ T cells significantly lowers their expression of CD73 and this contributes to enhanced proinflammatory activity (60) . Hence, purinergic Th2-type cytokine bias may be mediated in part by cell-intrinsic purinergic effects on iNKT cells, and also by purinergic effects on other cells, including DCs, Treg cells, B cells, and γδ T cells. The current study raises the prospect of harnessing purinergic and PKA-dependent signaling to control inflammatory diseases. (50, 000) in triplicate wells were cultured with or without αCD3/αCD28 Dynabeads for 48 hours at 37°C and assayed for ecto-ATPase activity as described in the Methods. Vehicle or CD39 inhibitor (50 μM POM1) was added to wells before luciferase plus luciferin followed by 10 μM ATP. Luminescence from each well was measured repetitively at room temperature on a SpectraMax M2 plate reader at various times after addition of ATP. The results are representative of 5 experiments. 
Methods
Human iNKT cell culture, purification, and activation. Ficoll gradient centrifugation was used to prepare peripheral blood mononuclear cells (PBMCs) from normal healthy blood donors. The iNKT cells in PBMCs were expanded by adding 100 ng/ml αGalCer (Funakoshi, KRN7000) and 100 IU/ml IL-2 (NCI) for 12-14 days. Cells were then stained with Live/Dead Aqua (Invitrogen), αCD19 (Invitrogen, clone SJ25-C1), αCD3 (Invitrogen and BD Biosciences), and αVα24Jα18 TCR (eBioscience, 6B11) (28) . Live iNKT cells were collected using a BD FACSAria cell sorter and further expanded by coculturing with γ-irradiated (40 Gy) PBMCs pulsed with 100 ng/ml αGalCer, washed and resuspended in medium composed of 47.5% RPMI 1640 with L-glutamine, 25 mM Hepes, and 5.5 μM β-mercaptoethanol, 47.5% AIM V, and 5% heatinactivated human AB serum supplemented with 100 IU/ml IL-2 for 12-14 days. Prior to their use for experiments, iNKT cells were washed and replated without IL-2 for 18 hours to allow the cells to return toward a resting state. After expansion and washing, 96%-98% of remaining cells were CD3 + 6B11 + iNKT cells. TCR engagement was achieved by centrifuging cells in medium supplemented with αCD28 (2 μg/ ml) (eBioscience, CD28.2) at 200 g for 2 minutes in high-protein-binding plates previously coated overnight at 4°C with αCD3 antibody (5 μg/ml) (eBioscience, OKT3) and washed twice. Activation by cytokines utilized soluble IL-12 (50 ng/ml) and IL-18 (50 ng/ml) (R&D Systems). Cells were further treated with and without the adenosine A 2A R agonist regadenoson, or other compounds as indicated.
Flow cytometry. Invariant NKT cells were identified as live, CD19 -, CD3 + , Vα24Jα18 TCR + cells (30) . In normal subjects iNKT cells were defined as CD3 + 6B11 + cells. In some SCD subjects a population of 6B11 lo CD3 lo cells that may include iNKT cells with downregulated TCRs were excluded from analysis because they were difficult to reliably resolve from cells that display nonspecific Ab binding. CD39 was identified with αCD39 (BD Biosciences, A1). NF-κB signaling was assessed by measuring phospho-NF-κB p65 (Ser536) (Cell Signaling Technology, 93H1). Following cell permeabilization, a highly immunoreactive epitope on an intracellular domain of the A 2A R was identified with an anti-human monoclonal Ab that we have previously characterized (61) (Santa Cruz Biotechnology, 7F6-G5-A2) conjugated to Alexa Fluor 647. Intracellular cytokines and transcription factors were detected using αIL-4 (BD, 8D4-8), αIFN-γ (eBioscience, 4S.B3), αT-bet (BD, O4-46), and αGATA3 (BD L50-823). Flow cytometry was performed using a BD Bioscience LSRII, and data analyzed using FlowJo software (Tree Star, version 9.6.4).
cAMP assay. The LANCE Ultra cAMP kit (Perkin-Elmer) was used to quantify cAMP produced by iNKT cells. After 48 hours of activation by TCR engagement, IL-12 and IL-18 treatment, or both, tissue culture plates were centrifuged at 350 g for 4 minutes and the supernatant aspirated from each well. Plated cells were resuspended in 100 μl HBSS/Hepes buffer with BSA (Perkin-Elmer), 1 U/ml adenosine deaminase (Roche), and 10 μM rolipram (Sigma-Aldrich). In some cases, the PKA inhibitor KT5720 was added, or cells were treated with the A 2A R agonist regadenoson for 15 minutes at 37°C. We then lysed cells by adding 100 μl 0.6 M perchloric acid and 13 μl 0.36 M potassium carbonate to neutralize the acid. Lysed cells were placed on ice for 1 hour, centrifuged at 10,000 g for 10 minutes, and cAMP in the supernatant was quantified using a SpectraMax M5 plate reader as described by the manufacturer (Molecular Devices).
Enzyme-linked immunosorbent cytokine assays. After exposing cultured human iNKT cells to different stimuli, supernatants were assayed by enzyme-linked immunosorbent assays (ELISAs) to quantify IL-10, IL-13, or IFN-γ (eBioscience).
Quantitative real-time PCR. Cultured human iNKT cells were harvested, lysed with RLT Plus lysis buffer (Biolegend), and RNA was extracted using Qiagen Allprep DNA/RNA Micro columns as described by the manufacturer. cDNA was synthesized from RNA samples using Qiagen QuantiTect Reverse Transcription Kits according to the manufacturer's protocol. Quantitative real-time PCR was performed using TaqMan Gene Expression assays and measured with a Roche LightCycler 480. RNA expression was normalized to RNA polymerase IIA.
Extracellular ATPase activity. Functional ecto-ATPase activity on iNKT cells was assessed by using an ATP-dependent luciferase assay. Fifty thousand human CD4 + NKT cells in triplicate Corning halfarea opaque 96-well plates were cultured in 0.1 ml of RPMI 1640 medium plus 5% human AB serum with or without αCD3/αCD28 Dynabeads for 48 hours at 37°C. Incubation with Dynabeads versus vehicle produced a small reduction in cell protein/well at 48 hours from 12 to 10 μg/well (measured by the Pierce BCA protein assay), so ATPase activity was not normalized to protein. Vehicle or CD39 inhibitor (POM1) (Tocris) was added to wells at a final concentration of 50 μM and incubated for 1 hour at 37°C. Equal volumes (0.1 ml) of assay buffer containing luciferase and luciferin from a Promega CellTiter-Glo Cell Viability Assay kit (Promega) were then added to each well prior to adding 10 μM ATP (Sigma-Aldrich). Luminescence from each well was measured over time at room temperature on the SpectraMax M2 plate reader.
Statistics. The production of cyclic AMP or cytokines by iNKT cells are plotted as means ± SEM. For the statistical analysis of multiple experimental groups, 1-way ANOVA followed by Bonferonni's post hoc test was performed using GraphPad Prism for Mac OS X version 6.0e. A P value less than 0.05 was considered significant.
Study approval. SCD subjects were recruited from the Sickle Cell Clinic or inpatient service at Froedtert Hospital in Milwaukee, Wisconsin, USA. Some were participants in a clinical trial (NCT01788631). iNKT cell samples were shipped overnight at 4°C to the laboratory of Joel Linden. Normal controls were recruited from the La Jolla Institute for Allergy and Immunology. The Human Research Protection Office at the Medical College of Wisconsin and the institutional review board at the La Jolla Institute for Allergy and Immunology approved all study activities and all subjects provided informed consent prior to their participation in the study.
